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ABSTRAOT 
A compilatlon of references dealing with the separa-
tion of bafnium and zirconium is preaented, together with an 
evaluation of their possibilities. It is oonoluded that a 
distillation procedure holds the greatest promi... The theory 
of the separation of hafnium and ziroonium by distillation of 
suitable compounds 1s given and experimental InvestigatIons are 
presented for oonfirmation. 
I NTRODUC TI OK 
Tbe element zirconium haa been known aince the latter 
half of the eighteenth century. (77) Early cbemists isolated 
the oxide and silicate from various sands found tbroughout tbe 
world and for several decades it was thought that compounds pre-
pared from these ores were pure. However, the presence of a 
aecond material was suspected as early as 1900 (107) when varia-
tiona in physical properties were found if the compounds were 
prepared from raw materials from different souroes. It was 
not until 192Z that conolusive proof, was discovered and the 
impurity was proven to be a new. element (78). This new element, 
wbich has received the name of hafnium, was found later in all 
zircon sands in varying amounts in a metal concentration ratio 
from less than two-tenths per cent by weight to as much as six-
teen per cent (64). The average concentration however, was 
approximately three per cent by weight hafnium in the naturally 
occuring ores. During the years following the discovery and 
isolation of hafnium, much work has been done on its separation, 
and the literature contains numerous references to the problem, 
but to this time no completely satisfactory method for the sep-
aration of zirconium and bafnium has been found. 
The object of this thesis was to develop those phases 
of the research preoeeding the development of a pilot plant tor 
the separation of zirconium and hafnium by a distillation pro-
cease 
The problem was to produce zirconium containing less 
than a hafnium-zirconium ratio of 0.01/100 by weight, from 
commercial grade zirconium tetrachloride. This commercial grade 
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zirconium tetrachloride contained an approximate ratio of 3/100 
hafnium tetrachloride, ~y weigbt, with lesser amounts of iron, 
titanium, aluminum, and chromium. Tobese lesser impurities were 
not considered in this problem as their removal bas been success-
fully accomplished in subsequent operations by other methods. 
This researcb bas been conducted at the University of 
Louisville Institute of Industrial Researcb as a part of contract 
research tor the Atomic Energy Commission. 
HIS TORI OAL 
Zirconium was first isolated, in compound form, and 
identified by M. R. Klaproth (77) in tbe late eigbteenth cen-
tury. He preCipitated the compound fram a dilute solution with 
potassium oarbonate. This precipitate did not display the prop-
erties by wbicb other then known elements were identified, and 
Klaprotb proposed it as a new earth. 
In 1824, J. J. Berzelius (77) isolated the metal from 
the salt that Klaproth bad described, and confirmed the discovery 
of zirconium. 
The remainder of the ~ineteentb century passed with 
the study of the chemistry ot zirconium aDd the establishment 
ot its physical and cbemical properties. Complete agreement 
on the physical properties was not possible because of the ex-
istence of the element hafnium, which was not then known and 
wbicb occurred in all zirconium ores, but much of the cbemistr1 
of zirconium was dete~ined, because as was proved later, tbe 
cbemistry ot hafnium and zirconium was practically identical. 
In 1911, G. Urbain (78) isolated a material trom tbe 
rare earths, wbicb be called Celtium, and be claimed it to be 
element number seventy-two, wbicb from the periodic cbart, now 
would be hafnium. In later years, this identification .a. 
proved to be incorrect as bis actual work was not duplicated. 
In 1921, J. W. Marden and M. N. Ricb made a reason-
ably complete (75) survey of the literature of zirconium. This 
survey makes no mention ot the element now known as bafnium, 
indicating that little tben was known about it. Published in-
tormation and much ot the original work by tbe United States, 
" 
Bureau of Mines during World War I were included in this survey. 
In 1922, A. Dauviellier (78) obtained the first X-ray 
spectrum of an element admitted to be number seven ty-two. 
For several years before Dauviellier's work there was 
a protracted discussion between the tollowers of Urbain, who 
would class element number seventy-two as a rare earth, and 
those who would c18ss it a. a homologue of Zirconium. This dis-
cussion continued for some years even after the actual discov-
ery. 
In January, 1923, D. :Coster and G. von Hevesy (6) (78) 
separated a material from zirconiua and titanium compounds 
baving an X-ray spectrum matcbing tbat obtained by Dauvieller. 
Element number seventy-two, if considered as a homologue of zir-
conium could be suspected to be present with naturally occurring 
zirconium. Furtbermore, it W8S establisbed that the X-ray spec-
trum agreed with the Bohr Tbeory for this new element. 
Thus, tbe discovery of hafnium, element number seventy 
two, W8S firmly establisbed. It was named hafnium, for an an-
cient name of the city of Copenhagen, Denmark where Coster and 
Hevesy worked. 
1be chemdcal similarity of Zirconium and hafnium 
directed much of the researcb connected with them toward methods 
for their separation. Both elements belong to the R~ family 
of the periodic group IV. Moreover, bafnium's properties are 
closer to those of its lower homologue, Zirconium than they are 
to those of its higher bomologue thorium (57). Until a satis-
factory method for separation could be perfected, the determt-
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nation of the properties of the pure elemental zirconium could 
not be advanced further, nor could the properties of the new 
element hafnium be established. 
Following the discovery of hafnium many attempts were 
made to purify and isolate either or both hafnium and zirconium, 
and the literature contains numerous articles reporting a variety 
ot approachea to the problea. 
In the year 1923 are-evaluation .as made of the haf-
nium content ot many zirconium ores, by G. von Hevesy and V. 
T. Jantzen. (62). It waa found that .all ziroonium ores were 
. . 
similarly contaminated, and the hafnium concentration ranged 
trOll les.s than two tenths per cent in some to more than sixteen 
per cent in a few. In the aame year these men established a 
method of separation by fractional crystallization ot the 
double alkali fluorides (63). 
In the year 1923 also Gloeilampenfabrieken N. V. P. 
obtained a series of British patents for the separation of haf-
nium from zirconium. Some of the methods ot separation covered 
by these patents ares 
(1) Fractional crystallization ot sulfates (40). 
(2) Fractional' crys.talliza tion of oxycbloridea (41). 
(3) Fractional crys talliza tion of fluorides (43). 
(4) Fractional crystallization of higher oxy aalts (42) • 
(5) Fractional crys talliza tion ot oxalatea (44). 
(6) Distillation of complex chlorides (45), formed trom 
zirconium. am hatnium tetrachlorides and phosphorous penta. 




.from 230 G. to 3600 G., and that the zirconium fraction dis-
tilled from 3600 G. to 4100 c. 
In 1924, Gloeilampenfabrlcken, B. V. P. (55) obtained 
a United States patent covering item number six (6) listed 
above, but wbicb further states that otber complexes formed 
fros elements of the fifth and sixth groups of the periodic 
chart with zirconium and hafnium tetrachlorides may also be dis-
tilled • 
A. E. Van Arkel and J. H. De Boer in 1924, (101) 
published a procedure tor 8epa~ation of the two elements by 
what they termed. tractional sublimation of the complexes 
formed with phosphorus pentacbloride. ~ey further presented 
the formula ot the complexes as 2 MC14.PC1S where K represents 
either metal. The freezing point for the Zirconium complex, 
2ZrC14.PC1S wa. determined a. 164.50 C. and the boiling point 
as 4160 C. At this same time A. E. Van Arkel and J. H. De Boer 
prepared the phosphorus oxychloride complexes (77), and de-
termined their boiling points as approximately 3600 G. A 
tractional distillation waa carried out, and the research of 
tbis thesis is a direct outgrowth of their work. Van Arkel 
and De ~oer filed for a United States patent covering frectional 
crystallization of double fluorides in 1924. 
Also 1n 1924, D. Coster and G. Von Hevesy filed for 
United States patents covering the following methods of sepa-
rations 
(1) Fractional precipitation as the hydroxides (9). 
(2) Fractional precipitation as the sultates (lO). 
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· . (3) Fractional crystallization as double fluorides (11). 
(4) Fractional crystallization as oxy-halogen compounds, (12). 
A method at separation using the double ammonium oit-
rates, was published in 1925, by D. H. Drophy and W. P. Davey 
(31) • A good separation was reported as the hatniua compounds 
are more soluble than the oorresponding ziroonium oompounds. 
K. Marquis (76), in 1925, reported separation of haf-
nium and ziroonium tram the ore, malaoon, by a traotional pre-
oipitation of the sulfates similar to that previously patented. 
British patents oovering further separations were 
granted to Gloeilampentabrieken,N. V. P •• in 1925: 
(1) Separation at hafnium trom ziroonium by seleotive pre-
oipitation in phosphate solutions (49). 
(2) Depositing ot metallio hatnium or zirconium on electrio 
lamp filaments trom the gas phase by oontrol of temperature (48). 
G. von Revesy and E. Madsen (65) claim separation 
by use ot alkali double fluorides in a series at traotionations 
to produoe 99.9 per oent hafnium. The greatest purity ob-
tained to this date. A large number ot steps were probably 
neoessary to obtain this tigure. 
The tol1owing methods or separation: 
(1) Fraotional preoipitation ot o~ides (94). 
(2) Fraotional distillation ot h~lides (91). 
(3) Fractional orystallization at phosphates in the pre-
sence at an organic solvent (95). 
ware oovered in Canadian patents issued in 1925, to A. E. Van 
Arkal and J. H. De Boer. They also obtained several United 
Sta tea pa ten ta and among tbem: -. 
(1) Phosphates dlsso1ved ln Oxallc acid and fractlonally 
precipitated witb bydrocbloric acld. (101). 
In 1926, J. Kendall and W. West (70) attempted a 
separation by tbe ionic migratlon method using complex oxalates. 
The degree ot aepara tion was not grea t. 
D. Coster and G. von Bevesy (lS) obtained a Canadian 
patent in 1927 covering preCipitation of hlgher basic compounds 
from ether solutions. 
J. H. De Boer publis~ed two articles in 1927. One, 
on the separat10n of batnium frOm zlrconiua as the phosphate 
from sulfuric acid solut1on (21), the other method was the 
fractional decospositlon of the pbosphates in hydrofluoric acid 
solution by US8 of boric acid, or other boron compounds. (23). 
During the late 1920's many of tbe above mentioned 
authors obtained patents in several ditterent countries, cover-
ing their particular methods ot separation. 
In 1930, G. von Hevesy and H. O. Wagner (66) reported 
that hafnium halides were less soluble than zirconium balides 
in concentrated hydrofluoric aCid. 
J. R. DeBoer and J. Broos (29) reported in 1939 that 
by using. sulfuric acid tractionation, the second traction 
eliminated all zirconium. It would seem, however, that this i8 
in error inasmuch as others have used essentially the same 
method without such phenomenal results. 
In 1931, a government document, by P. M. Tyler (90) 
presented a discussion on methods of separation of hafnium and 
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, I zirconium, up to that date with informatlon on the preparatlon 
ot pure hafnium salts. 
w. Prandtl (83) In 1932, tractlonated hafnlua trom 
zlrconium in a solutlon of ammonium sultate and oxallc aoid. He 
obtained hatnium dloxide ot 95.5~ purity in three tractionations. 
In 1935, Prandtl obtained a United States patent using the frac-
tional precipitation ot the terrocyanides to obtain a separa-
tion. 
G. von Bevesy and W. Dullenkopt, in 1934, fractionally 
sublimed the tetratluorides, a~d only obtained a partial sep-
aration, but they did examine the crystals and recorded the 
crystal constanta. 
In 1942, w. C. Sch1umb and F. K. Pittman (89) re-
examined the work of W. Prandtl on the ferrocyanide method. 
They succeeded in changlng the composltlon ot • mixture from 
a 12/88 ratio of bafnium to zirconiu. to an 80/20 ratio on the 
same basls In four tractionatlons. 
E. M. Larsen, (73) In 1943 attempted a Dew technique 
on the old method ot fractionally crystalllzlng phosphates from 
a sulfuric acid solution, as sbown by J. H. De Boer in 1927 (22). 
Se sprayed dllute solu ti·ons of zirconyl-hafnyl sulta tes and phos-
phoric acid simultaneously into a ten per cent solution ot sul-
furiC acid. Tbe precipitate was treated with sodlum hydroxide 
peroxide solution end digested at seventy degrees centlgrade. 
In seven fractionations the bafnium content was raised traa 
thirteen to ninety three per cent. 
H. H. Williard and H. Freund (106) attempted a frac-
11 
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tional precipitation ot a trlethyl phosphate complex. In this 
method, instead of adding the precipitating agent, it was 
allowed to torm slowly in the mixture by hydrolysis. 'lbe 
separation was not extensive. It W8S reported in 1946. 
A government document (72) published in 1946, by 
W. J. Kroll and W. W. Schlechten agaln reviewed the llterature 
on zirconium and refers only vaguely and briefly to hafnium 
separation. Tobia work of W. J. Kroll and A. W. Schlechten was 
presumably an extenslon of the publlcation of J. W. Marden and 
M. H. Rich. (75). Other artlc~es referring to tbe bistory, 
preparation and purification of zirconium, soae of them as late 
•• 1947, oompletely ignore tbe existenoe of the element hatniwa 
(58) (71) (68). 
~e reasons for the apparent lack of attention to 
hafnlum are quite simple. Since zirconlum and hafnium are so 
much alike in their chemical properties, they do not interfere 
with one another in many e~ercial uses today. Furthermore, 
there sre no significant uses of hafnium alone and therefore, it 
1s not specifioally desired in volume. 
Apparently new fields of research are opening up which 
make a canmercial separation of these t.o elements both desir-
able and necessary, therefore in 1949, D. M. Gruen and J. J. Katz 
., Argonne lational Laboratories, Cblcago, Illinois (56) ex-
tended tbe work of A. E. Van Arkel and J. H. De Boer on tbe 
distillation of the pbospborus pentacbloride and pbospborous 
oxychloride ca.plexes. In tbeir results they present a value 
of relative volat1lity, c(. , for the separation of the phospho-
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rua oxyohloride oomplexes, and established 1.5 zrC14 .POC13 and 
1.5 Ht014.POO~ as mor.aoourate tormula tor the complexes. 
la this same work a series ot distillations is reported with the 
use ot various types ot traotionating columns. 
With the exoeption ot distillation, the previousl,. 
disoussed methods tor the separation ot these two elements are 
essentially batoh operations. Batoh teohniques are tunda-
mentally expensive and time oonsaaing and to obtain any hilk 
degree ot enriohment a very larse number ot operations are 
necessary_ For this reason suoh methods as orystallization 
and preoipitation are usually lett to cases where otber prooe-
dures tail. 
The prooess ot distillation has been developed through 
many oentur ies to a point vb. ere it DBY be a continuous operation 
and beoause ot this, it otten exoells in oaaparison with other 
separations. 
A. E. Van Arkel and 1. H. De Boer (77) state, in 
their writings. that other oomplexes, s~ilar to the phosphorus 
oomplexes, may be made ot elements ot the titth and sixth 
groups ot the periodio table, however, so tar as oan be deter-
mined no other oomplexes have been _de. 
The posi tion ot phosphorus in the periodio ohart 
would indioate that, it other oomplexes oould be made, these 
complexes would be ot higher molecular weights and would lead 
to the oonclusion that they would probably have higher boiling 
points, making them leas easily distillable. 
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THEORETICAL 
The separation of hafnium from ziroonium as shown in 
"the historical section has been the subject of considerable 
researcb, and the metbods for separation are almost a9 numerous 
a. the men who have investigated the sUbject. However, there 
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are no commercial methods for separating the two elements in 
existenoe today. lfan,.. variations have been proposed for fractional 
separation by means of crystallization, precipitation, decom-
pOSition, etc. but there have been only a limited number of 
references to distillation procedure. This is somewhat surprising 
as a distillation process is n~rmally mucb more effiCient than 
any of the other proposed operations. ~e reason for this lack 
of adaptation of distillation to the problem is probablr because 
as tar as is known, there are only two relatively stable com-
pounds of zirconium and hafnium which will undergo distillation, 
they are 1.5 MC14 .101S and 1.5 MC14.P0013 where. reters to the 
metal. It is reported however that commercial zirconium tetra-
chloride melts at 437 0 O. and 25 atmospheres (82). It tbis is 
true, it is conceivable that 8 distillation of the tetrachlorides 
of these elements could be carried out. However, since it would 
bave to be under pressure, the method would be les3 desirable. 
The theory of distillation is quite well established, 
and presumably the system could be treated as a simple binary 
solution composed ot 1.5 Zr014.POC1S and 1.5 HfC14 ePOCls, other 
materials present in such small amounts that they could be dis-
regarded. 
Tbe difterence in boiling pOints of the two phosphorus 
oxychloride complexes is apparently very small, 8l d the pure 
t 
hafnium oomplex bas no t b 88n produced. 'lbe boiling poin t ditter-
ence is, bowever, in the range of tive to ten degrees centigrade. 
Beoause tbe concentration range is amell, tbe temperature drop 
aoross a column is practically zero. Even with complete sepa-
ration, tbe change in temperature has been sbown to be small, 
(56) and aocordingly the ope!". tt on approacbes acHaba tic condi-
tions. 
.As previously cited the relative volatility tor this 
system bas been determined by D. M. Gruen and J. J. Katz (56) 
as 1.14, 81 d wi tb this value an equilibriu.m. curve bas been cal-
culated (18ble I) and plotted in Figure 1. !be equation tor 
tbis procedure was tbe standard torm, (105). 
1: «.x 
1 + (COl - X) x 
The cODaercial Zirconium. tetracbloride contains 
approximately a batnium-zirconium ratio by weigbt of 3/100. 
It is desired to remove bafnium tram tbe mixture down to a 
weight ratio at 0.1/100 or le... ~is was a seemingly small 
stripping range, yet wi tb tbe small rela ti ve vola tili ty a large 
number at plates were considered necessary. 
In thls distil~ation the batniwa complex, being the 
lower boiler ot the two caaplexes, will dlstl11 taster aDd tbe 
tops product wl11 be ricb in hafnlum. In batch operatlons 
8111con tetracbloride with its low bol1ing polnt ot 570 C., 
It present In the system, wl11 dlstl11 oft early since apparently 
It does not form a complex. TiteDiu. complex should dlstl1l 
ott early in the operation. The ferrous oblorlde, aluminum, 
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TABLE I 
CALCULATI ONS FOR EQ,UILIBRIUM CURVE 
1= t::I(X = fI. ~ 1 + t Q(. - ilx (I-x) - oc. x 
k ~ x"'- ~ t 'CI(, -J.l, X 
.001 1.14 .00114 1.00014 .00114 
.002 .00228 1.00028 .00228 
.003 .00342 1.0042 .00342 
.004 .00456 1.00056 .00456 
.005 .005'70 1.000'10 .00569 
.00' .00684 1.00084 .00683 
.• 00'1 .00798 1.00098 .00'19'1 
.008 .00912 1.00112 .00911 
.010 .01140 1.00140 .01138 
.020 .0228 1.0028 .00273 
.030 .0342 1.0042 .03406 
.040 .0456 1.0056 .04535 
.050 .05'10 1.0070 .05660 
.070 .0'798 1.0098 .0'7903 
.090 .1026 1.0126 .10132 
.12 .1368 1.0168 .13453 
.15 .1'110 1.021 .16'148 
.20 .2280 1.028 .221'18 
.30 .3420 1.042 .32821 
.40 .4560 1.056 .43181 
.50 .0'100 1.0'10 .53271 
.60 .&84 1.084 .631 
.'70 .'798 1.098 .'7268 
.80 .912 1.112 .82014 
.90 1.14 1.3026 1.126 .91119, 
and ohrominua oomplexes remain as impuritIes in the bottoms 
produo,t (20). In the 08se ot a continuous operation the tops 
prod\lOt will be oontam1nated with the low boiling apari ties, 
the bottoms product, with the high boiling l.m.purities. 
Batoh distillations have been oarried out suooesstully 
by D. lI4I Gruen and J. J. Katz. and the :roote Mineral Company, 
l?hiladelphia, Pennsylvania. The data trom these sources are 
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that tbe data as obtained by D. M. Gruen and J. J. Katz, and 
tbe data from a tew runs from the Foote lI1neral Company agree 
exoeptionally well. These data as taken from the original 
reports were in the torm of Bt/Zr ratios x 100 by weight and 
were converted to mol per cent before plotting on Figure 2. 
Since batcb distillation results bad been in substantia'l 
agreement between the Argonne and Foote Laboratories it was 
decided to direct the attention of this investigation to the 
continuous procedure, particularly as a continuous distillation 
procedure has three distinct a~v8ntages overtbe batch operation. 
(85) 
(l) Unitorm and high grade product 
(2) Rea t economy 
(3) Labor economy 
A. uniform and bigh grad. produc t is the resul t of the 
constant conditions wbicb exist at any particular point in tbe 
system, once equilibrium has been established. ~ere is a 
continuous and uniform change in the material passing througb 
the system, but a constant set of conditions for any particular 
point in the system from one tim. interval to the next. 
Conversely in a batch operation, the conditions are constantly 
cbanging not only tor any point wi thin the system, but also 
tor the end conditions. The oomposition ot the material 
leaving the system is constantly changing, and because ot 
tbis, a non-uniform product results. ~e beat economy of a 
continuous operation comes trom tbe absence of the numerous 
intermediate fractions whlcb use up large quantities of beat 
19 
TABLE II - BATCH DISTILLATION DATA 
Grues And ~;i 
Tops Tops . Re8:due Residue 
Fraction PraotioD. Ht/Zr x Mol ~ Bt 
Ht/Zr x Mol ~ Ht 100 Complex 
100 Complex 
1!- D-& r Bil IF" I Tops :aps lea - ResI- Topsops Res - Resl-
Frac- Fraction due due Frac- Frac- due due 
tioD. Mol ~ Ht Ht/Zr Mol ~ tioD. tion Ht /Zr 1101 ~ 
Bt/Zr Complex x 100 Itt OOll-Rt/Zr Mol ~ x 100 Bt 
____ _ ____ lo.o.t;.Jl_¥1l1era1CoaD8llY'. 
x 100 pl,x x 100 Ht Coa-
Com-plex 
______ ~~_~____ _ __ ~ __________ ~______ ____________ _ _______ ~_~_Dle:x ______ _ 
18.9 8.83 1.44 0.'13 8.4 4.1 . 1.14 0.58 '1.20 3.55 1.84 0.94 
10.4 5.05 .'1'1 .39 3.9 1.95 0.56 .285 10.00 4.86 1.20 .61 
5.2 2.59 .36 .18 3.05 1.54 0.21 .11 5.36 2.66 .'15 .38 
1.'1 .86 .29 .15 1.28 .65 0.05 .026 4.50 2.25 .40 .20 
1.0 .51 .26 .13 1.1'1 .595 .185 .095 
1.4 .71 .17 .08'1 
0.94 .48 .13 .066 
0.25 .13 .12 0.061 
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in the batch processes. The labor economy tor the continuous 
operation is due to the few intermediate products which must 
be handled while the batch process needs a relatively large 
number of unskilled laborers for this work. 
There are two factors often against a continuous oper-
ation, and in favor ot a batcb operation. They are: 
(1) Excessive initial cost ot apparatus 
(2) Complicated construction aDd operation 
Tbe excessive first cost of the continuous plant in this 
case can be shown to be a tact~r negligible with reterence to 
the operating cost, and no complicated construction appears 
to be necessary. 
For the particular system under' investigation the 
continuous operation holds additional advantages. Scme of these 
aret 
(1) Freedom trom contact of materials with mOisture, which 
causes a decomposition reaction resulting in a non-distillable 
compound. 
(2) Less contact of personnel with vapors, which are both 
toxic and highly irritating. 
(3) Less decomposition of the complex because of a short 
heat contact time. It .as noted later that there were indications 
of some type of decomposition due to heat. 
(4) Excess phosphorus oxychloride may be recovered in the 
continuous process. 
The method tor reporting the hafnium conoentrations 
in ziroonium compounds is not uniform. Accordingly, several 
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methods tor convert1ng Hf/Zr x 100 by we1ght to var10us other 
for,ms are presented. 
The molecular weightst Ht : 178.6, 0 : 16, Cl : 35.46, 
P : 30.98, Zr : 91.22. 
1.5 lit : 267.9 - 0.4225 Batio ot Metallic Hatnium in 
1.5 BiCl,.POC13 634.04 - 1.5 HfCl,.POC13 
0.27205 Ratio of Ketallic Zirconium in 
1.5 ZrC14 .POC13 
Conversion to Weight per cent 1.5 Htc14.POC13 in mixture = 
lit Jt 100 (0.27205) xl' : Weight Ra tic = • 
zr \0.4225 . 100 
a x 100 = Weight Per cent'l.5 HtC14ePOC13 in mixture: b 
1 + a 
Conversion to weight per cent metallic bafnium in mixtures 
b x 0.4225 = We1ght per oent metallic hafnium in complex mixture. 
Conversion to mole per cent 1.5 HfC14.POC13 in mixture: 
Ht Jt 100 (91.22) 1 - Mole Ratio of Complexes: c zr \178.6 IaO· 
o X 100 : Mole per cent 1.5 HtCl,.POC13 in mixture. 
1 + c 
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EXPERIM:EltTAL 
Preliminary Inves tiga tion 
Before any distillation work was begun, it was'desir-
able to establish the nature ot the materials which were to be 
used and to check certain of the constants which were available 
in the literature. 
It was observed that the zirconium tetrachloride was 
a light tan color and that it apparently reacted with moisture. 
!bis reaction took place spontaneously, upon contact with air, 
and gave off hydrogen chloride, with an apparent formation ot 
zirconium oxychloride. !be pure zirconium tetrachloride is 
supposedly a white salt, and the color in the c~ercial grade 
may be attributed to impurities in the nature of iron, aluminum, 
ti tan! wn, etc_ 
Tbe 1.5 ZrCl4 _POCl3 complex was prepared very readily_ 
A quantity of zirconium tetrachloride was transferred to a 
flask and an equal molal weight of phosphorus oxychloride was 
added slowly to avoid toaming. the reaction was exothermic to 
a certain degree. After the mixture had spontaneously reacted, 
apparently to completion, there was a light tan, porous, spongy 
Bolid and a quantity ot phosphorus oxychloride lett in the bottom 
ot the flask. By gently applying heat, the spongy mass apparent-
ly reacted further with the phosphorus oxychloride and seemed 
to melt to a dark green liquid. 
In preparing the phosphorus pentachloride complex 
it was necessary to alter the method somewhat, since both com-
pounds are solid,S. Equal molar quan ti ties of the zirconium 
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tetrachloride and the phospborus pentachloride were used in this 
case also, but these powdery solids were mixed thoroughly and 
beated. '.Ibis reacti'on .a8 not exothermic or spontaneous and 
it was necessary to apply heat througbout tbe reaction period. 
This reaction slml1arly produced a dark green liquid. 
T.be removal of the excess pbosphorus oxychloride in 
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the preparation of 1.5 ZrC14.POC13 was accomplished by dis-
tillation. The excess pbosphorus pentachloride used In the 
preparation ot 1.5 ZrC14.PC15 was sublimed ott. In each case when 
a dark green liquid appeared to be refluxing in the flask, it 
was assumed that the excess phosphorus compound had been re-
moved. 
10 a ttempt was made to verity the composi tion of 
either of the complexes. A. E. Van Arkel snd J. B. De Boer 
establisbed the composition as 2 moles of zirconium tetrachlor-
ide to one mole of either the pbosphorus oxycbloride or the 
pbosphorus pentachloride. Tbe later work by D. M. Gruen arid J. 
J. Katz has cast considerable doubt on these figures bowever, 
and their experiments placed the ratio ot zirconium tetrachloride 
to either of the two phosphorus compounds between one and one 
and a half to one. The exact stoichiometry of the compounds, 
theretore, has not been definitely established, but the formulas 
appear to be as follows: 
1.5 ZrC14.POC13 and 1.5 HtC14.POC13 
1.5 ZrC14.PC15 and 1.5 BtCl,.PC15 
and w111 be accepted as such tor this work. 
The melting and boiling pOints of both the phos-
phorus pentachloride and the phosphorus oxychloride complexes 
were compared with tPe literature values. 
The boiling pOints were obtained in an oil beth 
while the melting pOints were obtained not only in a similar 
bath, but elso with the use of • Fischer-Johns melting point 
apparatus. ~e data are shown in Table III and verify the 
literature values exceptionally well. It is recognized that 
these values for the zirconium compounds are inaccurate to 
the extent that the zirconium ~etrachloride is impure, as it 
contains approximately a af/Zr ratiO of 3/100 by weight. 
Since the exact stoichiometry ot the complexes 
has not been established a question ot the stabili ty of these 
materials was raised. I twas neeessal'Y the t the complexes 
only be stable enough to undergo a distillation and a check 
was considered to be satisfactory for this purpose. 
A tresb batch ot the 1.5 MC14.POC13 complex w.s 
prepared and a small amount placed in a test tube. 'lbe melting 
point of this specimen was obtained, and the test tube and 
its contents weigbed. The sample then was beated to a slow re-
flux for thir~-six hours and after this time the melting point 
and weigbt again obtained. There was no noticeable cbange in 
either of these values. It .as observed also that the boiling 
point did not change during the period of reflux and there was 
no change in the appearance of the complex. 
The same stability test was conducted on the 1.5 
MC14ePC1S complex wi th til e same results. On the basis of these 
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results, it was concluded that both ot the complexes were stable 
enougb to undergo dist111ation. 
Sinc e i t wa s con templa ted th a t th1 s inves ti sa ti on wa s 
to be the rorerunner' of a pilot plant design, a series of simple 
corrosion tests were made. 
A quantity of freshly prepared 1.5 MC14.POC13 was 
prepared and placed 1n a test tube. Strips of copper, 302 type 
stainless steel, 304 type stainless steel, and black iron were 
placed in the test tube. The corrosion specimens were arranged 
so that they would be in contact with both the liquid and retlux-
ing vapor, but not eacn other. Atter a period of 24 hours ot 
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ret lux, the speCimens were removed for examination. The copper 
and black iron bad been severely attacked and could not be 
recommended as materials of construction in contact with this 
complex. The two speCimens of stainless steel showed no corrosion 
and altbough checked with a micrometer, no reduction in diameter 
was indicated. ~ese two stainless ateel specimens were return-
ed to the refluxing complex for a second twenty four hour per-
iod. Again there was no evidence of corrosion. 
'Ibis same tn>e of test was performed using the 1.5 
MCl,.PC15 complex wi th the same general results. However, the 
corrosion of the copper and black iron was more severe than with 
the phospborus oxychloride complex. Tbe stainless steels were 
tea ted tor the extra twenty-four hours, and as before showed no 
corrosion. Accordingly, it was judged that a stainless steel 
would be satisfactory for construction purposes on a corrosion 
standpOint. Further tests should, however, be conducted in 
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order to establish whioh ot the stainless steels would best 
serve the purpose or it the proteotion might be either temporary 
or coincidental. 
Batch Distillation: 
The work ot D. M. Gruen and J. J. Katz at the Ar-
gonne National Laboratories, Chicago, Illinois, established that 
the zirconiwa-hafniwn separation oould be performed by batoh wise 
distillation in an Oldershaw column ot the phosphorus oxyohlor-
ide oomplexes as had been reported by A. E. Van Arkel and J. H. 
De Boer. 
Since several abnormalities appeared in investigations 
trom both groups, and since rather accurate information was de-
sirable, it was chosen to supplement the data with an independ-
ently deter.mined set of figures. 
A one inch diameter packed column, seven feet high 
was ereoted and topped with a speoially designed dividing head 
as shown in Figure III. A packed oolumn was ohosen to turnish 
oomparative data as well as to obtain the information tor the 
previous checking. This oolumn was heated with eleotric heat-
ing mantles oovered wi th glass fabrio and the heating mantles 
for the two liter tlask which served as a still were oovered 
wi th a quartz oloth. The div i ding he ad was heated wi th intra-
red lamps to prevent the complex trom treezing. These heating 
lamps were used to oontrol the rate of tops product removal. 
whioh in turn influenoed the reflux ratio, in the column. 
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mantles on the column, with the temperatures measured with iron-
constantan tbermocouples placed, at intervals, between the beat-
ing elements and tbe. glass columns. Berl saddle paCking, one 
quarter incb nominal diameter, was selected because of its 
large surface area and low frictional resistance. Betore attach-
ing tbe still pot to the column, a slow stream of nitrogen was 
allowed to flow through the column for fifteen minutes to remove 
all of the air and moisture. 
A 2200 gram batch of complex was prepared as described 
previously and which filled the two liter boiling flask some-
what more than 50 per cent. It was attempted to bring the column 
and still to operating temperature 8S evenly as possible to 
avoid the thermal strains. It was recognized that the temper-
ature of boiling, 3600 e., .as appro~ching the danger point of 
glass, and extreme care would bave to be exercised. In spite 
of all the preoautions, considerable breakage occurred during 
the work, possibly because a 3600 C. temperature in the flask 
necessitated an outer surface temperature at least twenty to 
twenty-five degrees higher. 
Standard taper jOints were used in the original dis-
tillation apparatus, but these were unsatisfactory tor two 
reasons: 
(1) Leaks, which apparently were unavoldable, and 
(2) Difficulties in taking the joints apart, arter long 
exposure to the complex and heat. Various methods for sealing 
the joints were tried In an attempt to prevent leaks, and to 
perra.1t disassembly at a later date but none were completel,. 
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satisfaotory. 1he difficulty of taking these joints apart is 
a ttribu ted to (1) reae ti.on of the complex w1 th sulfuric acid to 
produce ziroonium sulfate, and (2) the reaction of the complex 
with moisture to produce wbat appeared to be a ceramic material. 
Wben the latter was beated sufficiently to permit softening of 
the seal material, tbe glass around these sections became 
bri ttle. ~e complex could be observed working its way into ,the 
joint and forming a white deposit, which appeared to be a re-
action compound, causing the major difficulty in separating the 
joints. Tbis same type of formation occurred wbether or not 
sulfuric acid was present and seemed to be similar to the hydro-
lysis products. 
T.be difficulties encountered with standard taper 
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joints led to the substitution ot ball and socket joints wberever 
standard taper joints failed. This substitution did not alleviate 
all of the trouble wi tb joints, but helped considerably. Taking 
the ball and socket Joints apart became fairly easy when the 
joint was in a position as to permit heating below the socket 
section. The heating apparently caused suffiCient expansion to 
break the seal formed by the complex and its reaction products. 
Beating the joint itself did not effect a separation, as both 
parts expanded equally. In the use of ball and socket joints 
a fine valve grinding compound was tried, for additional seat-
ing purposes, and was found to be quite good. It was necessary 
however, to prevent this valve grinding compound from entering 
the column, as the oil in the valve grinding compound, with the 
oanplex, produoed a black flaky solid. 
In the initial operation ot the column, it was noticed 
that a quantity of colorless liquid rose in the column and re-
fluxed first in the dividing head. Fuaes fra. the condenser 
indicated that this material was phosphorus oxychloride. ~e 
phosphorus oxychloride gradually became less and as the last 
of this material was removed through the condenser a white 
curdy me terial was deposi ted on the walls. I t was supposed tha t 
a portion of this curdy material was from impurities such as a 
titanium complex, or from hydrQlysis products of the zirconlum 
material itself. All of these phenomena normally took place 
before any slgnificant amount of complex was found in the dividing 
head. As the complex in the still approached boi11ng conditions, 
more of this curdy solid material appeared and cont1nued to form 
even though the temperature of the column was at 3600 C. As 
the dark fumes of complex rose In the column, the wblte solld was 
seemingly dissolved, reevaporated, and pushed up the column 
ahead of the refluxlng 11quid, untl1 It reached the condenser. 
~e refluxlng llquid showed a graduated color change, over the 
length of the column. T.be complex was a dark green to black 
liquid in the still pot~ but In hlgher sections of the column 
the liquid became amber, fading to pale yellow, and eventually 
to a clear liquid at the top. The color was probably trom 
iron impurities in the zirconium tetrachloride remaining in the 
lower portion of the still and removed by fractionation as the 
complex moved up the column. Once a fairly stable thermal 
state had been reacbed, by regulating power input to the beatIng 
mantles, a period of three hours was con~idered necessary for 
the system to reaoh equilibriwa. Aocordingly, the column was 
operated at total reflux during allot this time. Total re-
flux was aocomplished by allowing the complex in the tops 
produot take off arm to freeze and by keeping the oondenser 
and return line to the column open with infra-red heating laaps. 
At the end of three hours a sample was taken off the 
condenser by melting the complex in the take off arm and oolleot-
ing a speoimen of freshly condensing vapors. By means of a 
siphon arrangement in a Side opening of the still pot a sample 
of the bottoms product was withdrawn by application of a 
partial vacuum. 
After the samples were taken, a traction was re-
moved slowly from the dividing head at an approximate rate of 
2.5 grams per minute. This fraction normally had a weight of 
about three hundred grams. Tobe rate of removal was very slow, 
as indioated and it was assumed that equilibrium had been,main-
tained in the oolumn. 'lberefore, wi thin a sbort time another 
series of samples were taken for analysis. Data on the first 
operations, with analysis are shown in Table IV and plotted 
on l"i gure II. 
Upon the removal of the still pot trom the batch 
column, after t'he til'S t equilibrium test run it was observed 
that a solid mass had been formed in the bottom of the still 
pot. This layer of solid next to the glass, cut down the 
beat transfer, and caused a dangerous rise in temperature. 
The formation can and did oause the glass to become over 
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heated. On oocasions this overheating of the glass actually 
resulted in the bottoms being melted from the flask. The weight 
ot the formation was too large to be considered as arising 
tram impurities only, and was supposed to be some deoomposition 
product due to heating ot the oomplex, although it had not been 
expeoted. 
Experimental Distillations 
Due to operating dittioulties, it was touhd that with 
the equipment available it was not teasible to attempt a truly 
oontinuous operation. However, it Vias desirable to produce 
zirconium at low hatnium cono'entration. and this led to the 
adoption at a moditied teohnique. 
The oomplex was prepared in a manner similar to that 
previously desoribed, in gall~n size stainless steel beakers. 
Tops were tashioned tor these beakers in order to tacilitate 
the distillation at the treshly prepared complex and to remove 
the non-volatile portions. 
The first experimental oolumn was a simple stripper, 
with a teed inlet on the top plate and a dividing head as on the 
previously batoh column (shown in Figure IV) .• 
Freshly prepared and distilled oomplex was charged 
into the hot column through the teed inlet by siphoning molten 
oomplex trom ~n auxiliary tlask. Heating the teed flask pro-
duced sufticient pressure over the complex to foroe it through 
the teed line and into the column. The bottoms produot .take 
otf was through a siphon trom the still pot and extending into 
a reoeiver, whioh was conneoted to a vacuum line. When it 
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vacuum on the receiver drew over the required material. 
In order to prevent a continuous flow of v~pors and/or 
liquid in the auxili'arr lines, mol ten com.plex was frozen in them 
when the desired amounts had passed. This freezing of the 
complex in these glass lines often caused breakage and interrup-
tion of operations. However, no completely satisfactory method 
of control was found to replace this rather crude procedure. 
Complex was charged into the column at a rate of 
one thousand grams in thirty minutes and was intermittent as a 
period varying from 30 minutes: to 2 bours was permitted be-
tween recharging. Although a completelr continuous operation 
was desired this was the slowest rate at wbich it was possible 
to charge, the column with the equipment available and therefore 
an intermittent operation was obtained. The top product wss 
removed continuously at a varying rate, averaging approximatelr 
three grams per minute. The bottoms was taken ott in batches 
and in an amount roughly equivalent to the quantity ot tops 
removed. The total of the tops and bottoms corresponded to the 
preceding teed weight when tigured on a relatively long time 
interval. A quantity of complex amounting to approximately 
tivs hundred cubic centimeters or one thousand grams, remained 
in the column and pot at the end ot each cycle ot operations. 
The operation was repeated after the removal ot the bottoms 
traction. 
The feed inlet for this column was 8 part of the 
dividing head and probably because of the thermal strains 
placed on the glass during periods ot teeding and the freezing 
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of the teed line, the apparatus did not function satisfaotorily. 
Tbe samples that were optained gave analyses that showed the 
desired separation was not being acoomplished. In order to 
remove the mechanical d1fficul ties ot feeding, and to give 
better separation, it waa decided to make the column taller and 
place the teed at an intermediate point. 
A new column waG designed, and is illustrated in 
Figure v. ~is last moditioation was the one on whioh the re-
mainder ot the experimental work was performed. "lbe oolumn pro-
vided the maximum height of vapor travel whioh was possible to 
obtain as it then approaobed the ceIling. ~e column height, 
exclusive of the still pot and the condenser was nine teet. 
!be teed inlet was plaoed two teet below the oondenser and seven 
teet above the still pot. ~ls column was operated similarly to 
that previously used with one exception. The sectlon of the 
oolumn above the feed lIne was operated as a partial condenser. 
By controlling the power input in the insulation ot this seo-
tion it was possible to control the amount of vapor which reacbed 
the dividing head. A partial control was thus maintained over 
the reflux ratio a8 in this way the amount of product take off 
was regulated. It was ~possible to maintain the tops product 
take off at a constant rate however, aa can be seen in the time 
log. 
the t~e log of this series of operations with the 
analysis of the samples is shown in Table V. The column was 
operated tor three days without a complete shutting down, even 
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though difficulties were encountered with glass breakage. The 
bottoms produo t from this continuous operation was con tam.ina ted 
with large quantities of undesirable compounds, whioh apparently 
were in the original material as well as the non-distil1ables 
which formed during operations. 
In order to rid the complex of these imp uri ties a 
cleansing distillation was carried out in a thirty plate 01der-
shaw oolumn. As was observed in the paoked column the complex 
on the lower plates was amber, and the color faded to pale 
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yellow and to a clear watery material at the top_ By controlling 
the heat on the still pot, the olear white liquid was distilled 
over leaving all oolored material as a residue. 
Analyses of samples were made spectrographioal1y by 
a method developed by C. Feldman (31). The ohemical prepara-
tion of the samples for speotrographio analysis was proposed by 
D. M. Gruen and J. J. Katz (53). 
TABLE V - TD:JE LOG FOR PACKED COWMN OPERATION 
Date Time Feed Feed Feed Bottoms Bottoms Bottoms Tops Tops Tops Rat or 
?lgt. Label Ana 1- Wgt. Label Analysis Wgt. Label Ana lysis Top s Re-
ga. ys15 Om. ~/Zr x Ht /Zr x moyal 
Rt/Zr 100 100 9m/m1n. 
x 100 
8/22/49 lo:001 1000 H-5 4.2 
A.M. 10:30 
P.M. 1:00 341 B-1 2.44 566 '1'-1 4.22 3.15 
1:15) 1000 M-5 4.2 
1:45) 
2:30 312 B-2 2.35 566 T-2 4.55 6.28 
2:45) 1000 M-1 3.0 
3:15) 
4:00 170 :B-3 2.00 
4:15) 1400 lA-2 4.1 
4:45) 
5:15 1360 B-4 2.4 . 1160 T-3 3.77 7.03 
B-4 ran thru oolumn without any hold up time 
5:30) lZ00 M-3 4.78 
&:00) 
'1:45 No bottoms available for removal 
7:45) 1000 lA-4 4.06 
8:15) 
10:15 481 B-5 1.42 865 7.4 2.7 2.88 
10:30) 1000 )4-6 4.6 
11:00) 
8/23/49 1:00 500 B-6 1.59 600 T-5 3.4 3.63 
A.M. 1:15) 1000 )4-7 3.73 
1:45) 
3:30 100 B-7 1.52 600 '1'-6 3.24 4.00 
3:45) 1000 )1-11 2.'15 
4:15) 
7:15 500 B-a 1.27 350 T-7 4.2 1.79 
7:30 Bottoms take oft line broken, oolumn at total reflux 
9:30 Column Repaired 




TABLE V (Cont.) - TIME LOG, E'OR PACKED COLUMN OPERATION 
Date Time Feed Feed Feed Bottoms Bottoms Bottoas ~'OP8 Top a Top a Ret of 
Igt. Label Analysis Wgt. Label Analysis Wgt. Label Analysis Tops Re-
ga. Bt/Zr X Ga. Rt/Zr X gm. Hf/Zr X moval 
100 100 100 Qa!min. 
P.M. ';S:oo Column operation started again 
5:30 
5~45 )1400 11-8 1.31 
6:15 ) 
7'!SO 500 B-IO 1.77 500 'r-9 4.38 
7: .... i:., 11400 11-9 1.74 
8:15 ) 
Feed line broken, column refluxing, no tops removal 
8/24/49 1:00 Column repaired, tops fraction Coming off 
A.M. 4:20 1100 8-10A 500 T-I0 10.1 
4t45 Bottoms take oft arm broken, column_at total reflux 
9:30 Column Repaired 
9:45 )1100 B-IOA 
10:15 ) 
P.M. 7:00 182 B-ll 1.6 686 T-l1 3.35 
7:15 )1400 »-10 
7:45 ) 
11ioo 1000 B-l2 1.52 400 T-12 ;S.6 
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PHYSIOLOGICAL OBSERVATION S 
T.be safety precautions necessary in dealing with 
zirconium tetrachloride and phosphorus oxychloride have been pub-
lished and sinoe the. work here deals primarily with the oomplex 
salts, they will not be dealt wi th here. 
~e complex formed from these two compounds is both 
dangerous and unpleasant to work with beoause of the deo~posi­
tion products which result from the reaction ot the caaplex with 
moisture even in the atmosphere, and which produces primarily 
hydroohloric acid with possibly some chlorine and phosphine. 
Inhaled vapors and f~es cause severe coughing, sore 
throat, and congestion of the lungs, reaulting in a "wheezing". 
Theae etfects do not appear to linger or spread to other parts 
of the body, and the results of a minor exposure may be thrown 
oft by the body in a few days. In like manner, the fum.es 
irritate the mucous membranes of the eyes, creating tears and 
smarting. !bis irritation of the eyes persists for some hours 
after exposure, and boric acid solution should not be used to 
halt this irritation. Plain water appears to bring some re-
lief, but is not aatisfactory. 
Fumes and vapors of the complex produce stinging and 
irri ta tion of the skin, ·but if they are not hot, washing wi th 
water quickly removes the unpleasantness. If the vapors are 
hot, a burn results but it exposure to hot fumes or vapors is 
not exceSSive, only itching and scaling of the skin will occur. 
By observing the proper precautions for hydrochloric 
aCid, phosphorus oxychlorH;le, and for burns, the har. from 
exposure to the fumes and vapors can be reduced to a minimum. 
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Tbere have been no cases of zirconium or hafnium 
poisoning reported in the literature, the toxicity of each 
is considered very lpw, and the eftect is not cumulative (32). 
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SUOARY AND CONCLU.::>IONS 
The preparation of ziroonium, hafnium oomplex mix-
tures was round to 'be oomparatively simple, and the melting and 
boilIng points of the oomplexes oompared .t.'avorably wi th tbose 
reported by otber investigators. the phosphorus oxyohloride 
complex bowever does not have a true melting pOint, softening 
at 800 C. and begInning to flow at 1300 0., and in this respeot, 
aot as a tar or viscous solution. It was observed that the phos-
phorus oxychioride complexes were sufficiently stable to under-
• go fractional distillation and preliminary investigations in-
dicate that the same is true fpr the phosphorus pentachlorlde 
complexes. Results indioate neither the tormula. 2MC1,.POC13 and 
2MC14.P01S as proposed by Van Arkel and De Boer nor 1.5 Mel,. 
POC13 and 1.5.014.P015 as proposed by Gruen and Katz are exact 
tor it has been observed that upon successive heating and 
cooling same gaseous decomposition material was removed from 
the mixture. This, and the presence of .. heavr non-distillable 
substance in the bottom residue indicate that the complex, it 
an actual compound, is not completely stable. 
the results ot the batcb distillation investigation 
parallel those of Gruen and Katz and those ot Foote Mineral 
Caapany. It corresponding tops traction and bottoms residue 
values are cbosen trom the dateot Gruen and ltatz and Foote 
Mineral CompallJ, an average number ot th eoretical pla tea ot 
apprG&imately 18 is obtained tro. Figure 1 wben using Older-
shaw columns containing fitty actual platea on one such plate 
spaCing, tberefore the plate efficiency i8 approximately 36 
per cent. An B.E.T.P. of five inches wss obtained for a 
49 
one inch diameter column with 1/4 inch berl saddles with an 
actual height of packing of 80 inches. ~is 5 inches H.E.T.P. 
compares wi th repor t.ed values of 1 incb to 8 incb ob tained by 
other investigators, wi tb various types of packing on similar 
sized columns. (2) (34) (35). I t bas been shown tba t a column 
working with this material must have positive controls and 
should be constructed ~f material able to witbstand considerable 
heat. The operations during tbis investigation indicate that a 
continuous distIllation prooedure for·the separation of hafnium 
trom zirconium 18 quIte feasible. 
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Aluminum tubing was tested to determine the character-
istic column strengths, bursting strengths, collapsing pressures, 
and resistance to fluid flow. 
Results ot column testing established tormulae showing 
relationship between ultimate unit load, yield point of material, 
and slenderness ratio. 1he long column formula or Euler formula 
was assumed to hold true above the critical slenderness value. 
Yield points ot materials were obtained by plotting the results 
of compression tea ts or stress-strain curves. 
~e bursting strengtps of aluminum tubes were obtained 
by means ot a high pressure pump. ~ese values agree quite 
closely with the Barlow formula. 
lbe results ot collapsing pressure tests although 
agreeing well within theDselves do not check closely with Ti-
moshenkofs tormula. 
~e tluid tlow investigation resulted in triction 
tactors ditfering slightly for the 2 inch and 4 inch pipe. In 
general the data were well within the range of accepted values 
for commeroial pipe and smooth tubes, the data for the 2 inch 
pipe approaohing that for smooth tubes and the data for 4 inch 





The work presented in this report was conducted at the 
University of Louisville Institute of Industrial Researoh under 
a contract with the 'Reynolds Metals Company of Louisville, 
Kentucky. A desire b7 the Reynolds Metals Company to contribute 
to the knowledge ot aluminum column deSign, collapsing and 
bursting of aluminum tubing, and fluid tlow characteristics of 
aluminum pipe prompted the undertaking. 
Empirical formulae tor the design of concrete, steel, 
and wood columns are well establisbed. However, similar express-
ions tor aluminum oolumns are bot so well known primarily be-
cause of tbe relatively recent advent of aluminum and its alloys 
as structural materials. Likewise, in the field ot fluid trans-
portation little information is available on bursting and collap-
sing pressures or the friotional resistance of aluminum tubing 
to flowing fluids. 
1he increased use of aluminum in structures a8 well as 
in the transportation of fluids ba8 empbasized the need for the 
design data and mathematioal relations established and oonfirmed 
in tbese studies. 
Three major phases of the investigation are presented 
and separately discussedt 
Column Tea ting of Aluminum Alloy Ex,truded .shapes. 
Bursting and Collapsing of Aluminum Alloy Tubing. 
Fluid Flow Characteristics of Aluminum Alloy Pipe. 
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HISTORICAL 
At the l}f.t1nning of the 19th Century aluminum was a 
labora to~y curiosi t,. havin,s no commercial significance. It re-
lIlained so until the 18 titer part of the Cen tury when Martin Hall 
. . 
developed 'bis now''('amous electrolytic prooess for the separa-
tion of metallic aluminum from its oxide ore. 
lhis development brought aluminum into commercial pro-
duction, but because of its softness and lightness several de-
cades went by with comparatively few uses. ·:.>ome of these uses 
were 8S ki tchen utensils and for decora.tive purposes. 
However, in 1898 an ~ustri.n named Schwartz construc-
ted an airship with aluminum structural members. It was destroy-
ed on its firs t landing, but it was only two year:3 la tel' tha t 
Zeppelin launched bis first rigid airship, wbich was bu1lt of 
structural aluminum. The structural members were Al-Zn alloy, 
non-beat treated, but by the standards of tbat day they func-
tioned satisfactorily. 
It was net until 1909 tbat the first succeSsful beet 
treatable 8lloy was developed. This was the alloy which has 
come to be known as duralumin and was developed by Alfred W~lm. 
The explanation of this heat treating effect by P. D. Merica 
led to a new metallurgical principle, which later became im-
portant in other metallurgical fields. 
Commercial introduction of heat treatable alloy8 
awaited the end of World War I. With their development the 
guaranteed yield strength of aluminum alloys more than doubled 
in 20 years. This led to alloys of 60,000 psi tensile strength 




Prior to World War II practIcally all of the structural 
aluminum produced was utilized by tbe aircraft induatry. Only 
a small percentage went to other types of structures mos't of 
which were experimental. However, the war brought on increased 
production and greater knowledge which led to lower prices and 
placed aluminum in competition with all structural materials. 
Aluminum alloys of hi&h corrosive resistance, which 
retain their strength have led to new uses end almost unlimited 
opportunities. The first section of aluminum pipe lines have 
been laid, since World War II,. in the oil fields of Louisiana 
and experimental work is under way to use it in 011 well casIngs. 
These are only two of the numerous use to whIch alUDdnum struc-
tural alloys are being adapted. 
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Any objeot whioh undergoes axial loading is knoWn as a 
oompression member. These oompress~on members will bend even 
with axial loads. lifhen a oompression member is so slender that 
the allowable end load must be reduoed beoause of the bending 
stresses, it is termed a column. 
It has been the objeot of the oolumn evaluation work 
to determine a mathematioal expression for the loading oharaoter-
istios ot oolumns as defined ab9ve. 
Columns may be divided into two olasses: long oolumns 
and short oolumns. Long oolumns have been examined mathematioally 
and a rigorous equation developed by Euler as early as 1757. 
They are defined as oolumns whioh fail beoause of laok of stiff-
ness, inelastioity, and the ultimate load being reaohed before 
the average stress has passed its proportional limit. 
Where: 
One torm of Euler's Equation 
R2E 
PiA : -(-L-I r-)~2 
P • total load in pounds. 
A • area in square inches. 
E = modulus of elastioity. 
is: 
L : length in inohes (effeotive). 
r : radius of gyration in inohes. 
This e~uation is applioable to all oolumns as long as the pro-
portional limit is not exoeeded by the load on the oolumn. This 
report t however, is not primarily oonoerned wi th the long or 
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Euler columns, as they are sometimes called, but is concerned 
wi tb the short column. 
Short colUJDns may be defined as those in which stresses 
throughout the column have exceeded the proportional limit of 
tbe material long before the ultimate load is reached. This ac-
tion brings about a considerable amount of inelastic action 
during the process of loading. While the theory of long columns 
has been known for several hundred years, it was not until the 
present century tha t sh ort columns were handled on a ra tional 
basis, by Considere, Engesser,: and others. The mathematical 
treatment, however, does not lend itself to practical design 
and, therefore, .any empirical equations have been devised for 
materials in the short column range. 
Aluminum members have the greatest use where light 
• 
weight is advantageous, particularly in the aircraft industry, 
and in this field, equations following the experimental results 
comparatively closely are essential. Accordingly, many com-
plicated equations have been devised. Wi th the decrease in the 
cost of aluminum it is tending to come into competition with 
many other structural materials emphasizing the need of Simple 
design formulae. The two types of equations that are most 
frequently used in the short column range are the parabolic and 
straight line forms as shown below. 
Straight Line Equation: 
P/A : D - B (L/r) 
Parabolic Equation: 




D : P/A intercept where L/r = 0 
Band C : Em.pirically determined constants 
These equations must follow experimental results and they must 
either meet or intersect the Euler Equation. 1he point of 
meeting or intersection is known as the critical point, or the 
critical slenderness-ratio. For a slenderness-retio above that 
pOint, the columns are long or Euler columns, for values below 
the critical, tbe columns are short. 
'!'be slenderness rati.o is dependent upon <a) physical 
dimensions, and (b) the method of fixing the ends or the end 
conditions. The end-fixity haa been incorporated into the 
slenderness ratio with the factor K converting the slenderness-
ra tio to an effective slendemess ~8tio (K) (L/r). I t has been 
shown that tor columns ot round or pinned-end conditions, the 
value of K is 1, i.e. the entire column bends when loaded. For 
fixed ends, K = 0.5 which means that only one half of the total 
length undergoes bending when loaded. When one end is fixed and 




The column testing was conducted on a Baldwin'Soutb-
wark Testing Machine equipped with a Tate Emery load indicator. 
Tbe dial bas three scales; (1) 0 to 40,000 Ibs.; (2) 0 to 
160,.000 lbs.; (3) 0 to 400,000 Ibs. The rate of loading of test 
specimens was 2000 lbs./min., except for. few specimens 'Of 
small cress sectional area which were loaded as constantly and 88 
slowly 88 possible. 
To obtain a pinned end, a spberioal nosed hardened cir-
cular steel plate w8S used. This assembly was not frictionless, 
but results in preliminary testing justified its use. To obtain 
a fixed end, a series of brass bushings were used to fit tightlJ 
to the specimen and clamped inte 8 steel ring bolted to a large 
steel plate. For fixed ends for the cbannel and angle columns 
steel blecks clamped into posit1en were used. 
jhe columns were placed in the macbine and by means of 
a level and tripod to support the speCimens, under a slight load 
they were adjus ted to a v ert1cal posi tion. 'lbe tripod was re-
moved before actual test1ng was started. 1he leading was then 
begun and continued until failure, as indicated by a rever .. l ot 
tbe direction of travel of the loading needle. Where pOSSible, 
three specimens. were tested for eaoh length and end condition. 
It was apparent tbat the ultimate strength of the ma-
terial would be helpful in stabilizing graphical representations 
of tbe data in the register of low values of L/r. ~1s value 
was determined by tbe use of strain gage data in plotting a 
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'. stress-strain curve. Such data were obtained from tests made 
with a Riehle Testing Machine. Mechanical T.ype, 100,000 lb. 
capacity, in the materials testing laboratory of the Universit,y 
of Louisville, Civil Engineering Depar~ent. These data are 
shown in Table I and Figures 1 through 5. 
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The columns as tested included the materials and shapes 
as shown in Table II and specified by the Reynolds Metals Company. 
Test results for each alloy and each shapJ were 
plotted as a straight line for all values of the slenderness 
ratio above and below the critical and sre shown in Tables III 
through XIV and Figures 6 through 14. 
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TABLE I - STRESS-8~~N DATA 
Sample Run Read- L Unit Stress (psi) Unit Strain 
-No. Ipg l' 
38-0 1 1 12 2,630 0.000133 
0.065 in. x 2 5,260 .0001&6 
1.00 in. 3 7,900 .002560 
'l'ublng* 4 10,550 .009400 
2 1 12 2,630 0.00010 
2 5,260 .000166 
3 7,900 .002660 
4 10,550 .00957 
R361-0 1 1 10 1,250 0.0000666 
0.194 in. x 2 2,500 .000200 
1.58 in. 3 3,750 .000400 
Tubing 4: &,250 .0021 
5 8,'150 .00717 
6 9,600 .0085 
1 10 1,250 0.000066 
2 2,500 .00020 
3 3,750 .000466 
4 5,000 .000866 
5 6,250 .002040 
& 10,00~ .00953 
R361-T4 1 1 10 5,440 0.000567 
0.238 in. x 2 10,890 .00110 
1.'118 in. 3 16,330 .00173 
Tubir-lS 4 21,780 .00323 
5 2'1,220 .00833 
2 1 10 5,440 0.00056'1 
2 10,890 .001133 
3 16,330 .00170 
4: 21,780 .00323 
5 26,020 .01000 
R361-T6 1 1 10 4,980 0.00534 
0.238 in. x 2 9,960 .0011 
t 1.625 in. 3 14,940 .001&33 
r.Lubing 4 19,900 .002233 
5 24,900 .0028 
6 29,875 .00343 
'1 34,850 .00444 
8 39,060 .01000 








R361-T6 2 1 
0.238 in.x 2 

























STRES.s-STtLAIN DATA (Cont'd) 
L Unit Stress (psi) Unit Strain 
-r 
















10 4,540 0.000433 
9,080 .000867 
13,620 .001300 
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TABLE II - MA TERIAL..;) AND SIZES OF COLUMNS TF.;,)TED 
ALLOY SIZE SHAPE 
..... -
SS .. 0 0.065 In. .x 1.00 In. Tube 
SS - H14 0.061 In • .x 1.315 In. ft 
SS - H14 0.125 In • .x 1.5625 In. " 
R361 
- 0 0.194 In. x 1.58 In. ft 
RZ61 .. 0 0.254 In. x 1.75 In. ft 
R361 eft 0.238 In. .x 1.718 In. ft 
,J. R361 
-
T4 0.064 In. .x 1.00 in. ft 
R361 - T6 0.238 In. x 1.625 In. .. 
63S - T 0.3125 In. x 1;.875 In. " 
8361 - T 0.437 In. .x 6.00·1n. Cbannel 
R36l - T 1-1/4 In. x 1-1/4 In. .x S/16 In. Angle 
R361 - T 2-1/2 In. x 2-1/2 In. .x 1/4 In. " 
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TABLE III - OOLUldN DATA 
as - 0 Tubing, 0.065 in. x 1.00 in. 
Area: 0.19 Sq. Inohes 
Loading Unit Load 
End Rate. lb. L at Fa1lure Ave. 
Conditlop. BR!o. No. per min. r psl Unit Load psi 
Pinned 1 PS 1 2000 174.5 3,420 
" 
1 PS 2 3,170 
" 
1 PS 3 2,760 3115 
" 1 PI 1 2000 194 2,100 
" 
, .,-..- '" 
... J,; .... ..., 2,370 2235 
" 1 PSX 1 2000 96.4 3,950 
" 
1 PSX 2 3,950 3950 
" 1 PL 1 2000 214 1,710 
" 1 PL 2 1,570 




TABLE IV - OOLUMN DATA 
33 - H14 0.061 in. x 1.3125 inohes, 
Area = 0.241 Sq. Inohes 
Loading Unit Load 
End Rate, lb. L at Failure Ave. 
°9Bdl£ion Speo. HR. per NA, .t: 2si Ua3.t Load ps3. 
Pinned 3 PBX 1 2000 54 19,100 
tt 3 PSX 2 19,400 19,250 
tt 3 PS 1 2000 97.5 12,650 
tt 3 PS 2 13,300 
tt 3 PS 3 12,250 12,670 
tt 3 PI 1 2000 lOB 10,400 
tt 3 PI 2 10,600 
" 3 PI 3 10,800 10,600 
" 3 PL 1 2000 118.5 9,1550 tt 3 PL 2 10,200 
tt 3 PL 3 8,100 9,280 
One FIxed 3 OSX 1 2000 76.8 1B,Ze: 
and One 3 OSX 2 KL. 53.7 17,850 
Pinned 3 OSl: 3 r 19,100 18,400 
tt 3 01 1 2000 162.5 9,990 
11 3 OI 2 ~- 113.8 11,000 
" 3 01 3 r - 10,800 10,580 
" ! 
Fixed 3 FSX 1 2000 122 15,950 
11 3 Fax 2 KL 61 16,800 
" 3 FSX 3 i"'"- 18,700 17,150 
No Ultimate Strength of Material Found 
8'1 
. TABLE V - COL'Olm DATA 
3S 
- H14 0.125 In. % 1.5625 Inohes 
Area :! 0.562 Sq. Inohes 
Load1Dg Unit Load 
End Rate, lb. L at Fal1ure Ave. CgAdltipA SR'O, NS t Ptl Ni. I psi Unit LoU Pli 
Pinned 4PSX 1 2000 55 18,600 
It 4 PBX 2 1'1,900 18,250 
" .. PS 1 2000 97 10,650 
It 
"pa 2 11,350 
" 4 PS 3 10,625 10,8'15 
" "PIl 2000 108 9,800 
" "PI2 9,800 It 
"PI3 9,950 9,815 
It 
.. PL 1 2000 118.5 8,800 
" 
.. PL 2 8,850 
" "PL 3 8,825 8,835 
One 11%ed 4 oal: 1 2000 82.4 19,050 
and one .. 08X 2 S:- 5'1.6 18,900 Pinned .. 08X 3 r 19,200 19,050 
Fixed 4 laX 1 2000 118 19,400 
" " FSX 2 ~: 59 19,800 
" 
.. J'SX 3 1 19,200 19,500 















TABLE VI - OOLUMN DATA 
R3el - 0 0.194 In. X 1.58 Inches 
Area : 0'.80 Sq, Inches 
Loadins Unit Load 
Rate, lb. Is at Failure Ave. 
8psu'. No. PII wa, £ psi Unit &gad RS' 
:5 PSX 1 2000 92.5 4000 
5 PBX 2 4940 
5 pax 3 5000 4640 
5 08X 1 2000 140.0 4500 
5 OSX 2 KL - 98 4440 
--5 OSX 3 r 4130 4360 
Ultimate Strength 10000 
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TABLE VII - COLUMB DATA 
R361 - 0, 0.264 In. :x 1.75 In. 
Area = 1.195 Sq. In. 
LoadIng Uo.I t Load 
End Rate, lb. L at FaIlure Ave. 
- Unlt Load CondItIon SE.c. lo! Eermin.' r Eli Esi 
Pinned 6 PSX 1 2000 85.0 4,700 
It 6 PSX 2 4,900 4,830 
" 6 13 1 2000 170.5 2,300 n 6 P8 2 2,200 
It 6 P8 3 2,560 2,350 
It 6 PI 1 2000 190 1,840 
tt 6 PI 2 2,210 
tt 6 PI 3 1,300 1,780 
.. 6 PL 1 2000 209 1,840 
It 6 PL 2 1,840 
It 6 PL 3 1,760 1,810 
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TABLE VIII - COLUMN DATA 
R361 - T4 0.238 In. x 1.718 In. 
Area : 1.102 Sq. In. 
Loadlng Unit Load 
End Rate, lb. ..J,.. at Fallure Ave. 
°sm41 t1sm Speo. Ne. p'r miD· 1 psi Un.t kat Pi. 
Plnned 8 PSX 1 2000 46.1 22,800 
" B PSX 2 21,600 
" e PBX 3 22,000 22,300 
" BPS 1 2000 103.2 10,BOO ft 8 FS 2 9,650 
tt 8 PS 3 10,950 10,460 
ft 8 PI 1 2000 114.2 8,900 
ft 8 PI 2 9,400 
" 
8 pI 3 8,600 8,960 
" 8 PL 1 2000 126.1 7,475 ft 8 PL 2 ",210 
... 8 PL 3 ',850 7,510 
One Fixed 8 OSX 1 2000 8'1.3 18,600 
and One 8 061 2 I.L= 61.1 18,300 Pinned 8 08X 3 r 18,850 IB,600 
Fixed 8 FSX 1 2000 124.5 1'1,300 
... 8 FSX 2 KL: la.3 17,550 
... B FSX 3 r 16,900 1'1,250 
" 8 or 1 2000 144.9 ",600 n B 01 2 &.= 101.5 8,030 tI' e 01 3 r 8,529 8,050 
, ' ... 8 OL 1 2000 180.3 6,805 
" e ot 2 n. 126 6,'120 6,'160 
--r 
Ultimate Strength 26,500 
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TABLE IX - COLUMN DA TA 
1061 - '1'4 0.064 In. x 1.00 Incbes 
Area = 0.~89 Sq. In. 
Load1ng Un1 t Load 
End Rate, lb. L at Fa1lure Ave. 
-Condition S,28C. 82. Re1" min. r ,28i Un! t Load 2si 
Fixed 7 FS 1 2000 186 10,600 
p 7 FS 2 n, .. 93.2 13,200 
It 
--7 FS 3 r 9,800 11,200 
Ult1mate Strength 26,500 
II 
92 
'mBLE X - COLUMN DA.TA 
:8361 
- 1'6 0.238 In. x 1.625 In. 
Area = 1,,205 Sq. Incbes 
Loading {hi t Load 
End Rate, lb. 
.l!- at Failure Ave. Condition Spec. Bo. ,per min. r ,pai Un! t Load pai 
Pinned 9 PS 1 2000 73.2 24,600 
tt 9 PS 2 23,950 
ft 9 PS 3 23,700 24,080 
R 9 PI 1 2000 81.2 21,200 
R 9 PI 2 21,200 
" 9 PI 3 22,400 21,600 
It 9 PL 1 2000 89.5 17,100 
ft 9 PL 2 16,700 
It 9 PL 3 15,800 16,530 
One Fixed 9 OSX 1 2000 65.2 31,500 
and One 9 asx 2 KL- 45.6 31,700 
--Pinned 9 OSK :5 r 31,400 31,510 
Fixed 9 FSX 1 2000 93.2 30,900 
" 9 FBX 2 KL- 46.5 30,000 It --9 PBX 3 r 29,000 29,970 
.. 9' FS 1 2000 156 13,850 
n 9 FS 2 KL- 78.1 13,550 
II 9 FS 3 -- 13,550 13,650 r 
.. 9 FI 1 2000 174.5 10,450 
" 9 PI 2 KL: 87.2 3..0,300 
" 9 FI 3 - 10,700 14,480 r 
It 9 FL 1 2000 191.5 8,630 
tt 9 E'L 2 XL- 95.8 8,840 8,720 
- -r 
;,,' Ultimate Strength 39,500 
" 
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'fABLE XI - COLUMN DATA 
638 - T 0.3125 In. x 1.875 Inche. 
Area - 1.542 Sq. Inches 
-
Loading Un! t Load 
End Ra te, lb. L at Failure Ave. 
-Condition Spec. 10. per mln. r psi Uni t Load psi 
.. -
Pinned 11 PBX 1 2000 55 26,000 
It 11 PSX 2 25,600 
" 
11 PBX 3 27,200 26,260 
.. 11 Ps 1 2000 96.5 13,350 
.. 11 PS 2 14,550 
.. 11 Ps 3 14,050 13,980 
It 11 PI 1 2000 107 12,600 
.. 11 PI 2 12,750 
It 11 PI 3 12,000 12,450 
It 11 PL 1 2000 117.5 9,140 
It 11 PL 2 10,600 
tt 11 PL 3 9,260 9,700 
One Fixed 11 OSX 1 2000 80.2 24,400 
and One 11 OSX 2 KL- 56.2 24,600 
--PInned 11 OSX 3 r 25,000 24,700 
Fixed 11 FSX 1 2000 120 23,100 
" 
11 FSX 2 KL ... 60 22,450 22,770 
--r 
Ultimate Streng th 33,500 
TABLE XII - COLUJd DA TA 
8361 - T 6 In. x 0.437 In. Cbannel 
Area = 3.82 Square In. 
Loading Unl t Load 
End Rate, lb. l at Failure Ave. Condition .spec. Ho. per min. r psi Upl t Load p81 
-
Pinned 12 Ps 1 8000 34.2 27,200 
" 12 PS 2 34,800 31,000 
" 12 PI 1 8000 80.8 20,900 
" 12 PI 2 20,000 It 12 PI 3 19,100 19,700 
It 12 PL 1 8000 89.4 16,500 
" 12 PL 2 17,400 It 12 PL 3 19,200 17,700 
One l"ixed 12 OS 1 8000 57.7 31 .. 400 
and One 12 as 2 ~. 40.4 34 .. 000 32,100 
Pinned l' 
II 12 01 1 8000 115.5 24,400 
• 12 or 2 KL- 80.8 24,200 
.. --12 01 3 r 21,000 23,200 
Fixed 12 FS 1 8000 92.8 32 .. 100 
It 12 FS 2 ~= 46.4 32,600 It 12 FS 3 l' 34,400 33,000 
" 12 FI 1 8000 174 12,650 It 12 FI 2 KL- 87.1 12,300 12,480 
- -l' 
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TABLE XIII - COLUMN DA TA 
R361 -t if It In. x It In. x 3/16 In. Angle 
Area - 0.43 Sq. Inches 
-
Loading Un! t Load 
En.d Rate, lb. ~ at Failure Ave. Condition (., .I per min. I' psi Uni t Load pel ~)l2ec. " o. Ii 
Pinned 13 PS 1 2000 40.6 31,200 
Ends 13 is 2 30,400 
It 13 PS 3 30,500 30,700 
It 13 PI 1 2000 81.2 17,850 
It 13 PI ~ 16,250 
It 13 pj. ~ 16,220 16.770 
It 13 JL '~ '2000 $9.5 15,100 It 13L2 16,750 
It 13, PL 3 16,700 16,180 
One I<'ixed 1;'3 ,OS 1 2000 5~ 28,100 
and One 13 0$ 2 KLa 36.4 28,600 
-Pinned 13 o!~ 3 r 29,200 28,600 





TABLE XIV - COLUMN DA. TA 
8361-11 2t In. x 21 in. x tIn. Angle , ,,' 
Area = 1.19 Sq. Inche. 
Loading Uni t Load 
End Rate, lb. L at Failure Ave .. ' 
Condi tion 52ec. !io. ier min, -- ,l2si Uni t Load Pai r 
. '~ if ~ 
Pinned 14 PS 1 2000 57.5 26,300 
" 
14 PS 2 31,500 
" 14 PS :5 28,850 28,880 
" 14 PI 1 2000 81.2 21,000 .. 14 PI 2 17,700 
n 14 PI 3 16,100 1?,260 
" 
14 PBX 1 2000 40.4 32,200 
" 
14 PSX 2' 33,600 
• 14 PBX 3 31,800 32,530 
One Fixed 14 OSX 1 2000 58.7 29,100 
and One 14 OSX 2 KL- 41.1 27,700 
- -Pinned 14 OSX 3 r 27,400 28,070 
< 
" 14 01 1 2000 122.5 15,750 tJ 14 01 2 KL- 85.6 15,800 
n -. 15,320 14 01 :5 l' 14,400 ,. 
Fixed 14 FSX 1 2000 93.8 28,850 
R 14 FSX 2 KL- 46.8 28,900 
R --14 FSX 3 r 27,100 28,280 
" 14 FS 1 2000 158 14,800 n 14 FS 2 KL- 79 14,800 
--tt 14 FS 3 I' 14,850 14,820 
It 14 PI 1 2000 174.5 12,450 
" 14 FI 2 KL - ' 87.2 13,200 
--• 14 FI 3 l' 13,000 12,880 
tt 14 FLl 2000 190 10,600 .. 
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Plgu.re 9. Unit Load VB. Slenderness Ratio for R361.-0 Tubing Columns. 
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:Flaure 10. Unit Load Va. Slenderness Ratio ~or R361-T4 Tubing ColUlllls. " 
0,.238" x 1.'118"; K = 1. -0.'1. 0.6. 
o Pirmed Ends. e Olle P1nned " One .Fixed llnd •• J'1xe4 Ends. 
o 0.064" x 1.00" Pixel Ba4a. 
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On the basis of curves 8S plotted, the equations in 
Table XV are suggested as being a8 nearly correct as is warranted 
by the small number or columns tested. It is quite 11kely that 
wlth a larger number of test columns greater accuracy could be 
ob talned. 
lio equatlon is given for 35 - 0 tubing because the 
spread or test results does not warrant one. A slngle equation 
ls given for material of the s.ame general shape, tor example two 
sizes ot tublng. But equations of difterent value are glven 
tor the same material where the shape Is different, tor example 
the angles and channels. ~is treatment was employed not only 
because it agreed wl th test de ta but because 1 t is generall,. 
accepted that the shaping does influence the slope of the equa-












PIA: 27,000-155 K(L/r) 
PiA = 8,00o-34X(L/r) 
PiA = 27,750-167.5 K(L/r) 
PiA : 42,000-253 K(L/r) 
PIA. 35,500-220 K(L/r) 
PIA : 44,000-290 K(L/r) 
PiA = 44,000-340 K(L/r) 
'. 
BURSTIIG AND COLLAPSING PREJSURES 
OF ALUMINUM TUBES 
'IHEORETICAL 
I t baa been observed previously tha t the cos t pf al-
uminum in recen t years ha. declined because of increased output 
and advances in the technological field. This decrease in cost 
has brought aluminum into competi tion wi th many of the so-called 
standard materials. The bursting and collapsing strength has be-
'come importan t in fluid transporta tion, since aluminum ha s high 
resistance to corrosion and can be extruded as a smooth bore 
tube. It also finds uses in oil well drIlling and pumping. It 
is here that the collapsing data are very easential. 'lbe burst-
ing data are essential because f'luids are usually transported 
under pressure, to increase the rate of flow and reduce costs. 
Burs ting '!beory 
~e bursting of thick cylinders is shown by Lamets 
Solution to follow the equation: 
Where! 
r2a' - ~r )fax S = P -
r 2 2 - rl 
S : Circumferential Uni t stress, Ibs/sq. in. 
P : Internal fluid pressure, Ibs/sq. in. 
rl • ,Internal radius of cylinder, inches 
ra = External radius ot cylinder, inches. 
Lame's solution makes two assumptions: (1) that the thick cylin-
der is com.posed of a series of thin cylinders each of which bas 
an equal distribution of stresses througbout its thickness and 
108 
t . 
(2) that the strains of all the longitudinal fibers are equal; 
that is, the tube maintains its geometric shape. 1his last 
assumption does not hold at the closed ends of a cylinder where a 
distInct change in geometric shape can take place under the in-
fluence ot internal pr.essure. 
109 
Tte well known aarlow formula for bursting pressures may 
be applied to thick cylinders. In this formula it is assumed 
that the •• 11 thickness and the diameter do not change during the 
period the specimen is undergoing stress, an assumption which is 
not exact. 
Barlow's formula is: 
Where: 
P - st -~ 
P : internal pressure, lbs./sq. in. 
t : wall thickness, inches 
r 2 : external radiUS, inches 
s = unit stress, inside fiber, lbs/sq. in. 
Collapsing 1heory 
Tubes collapse because of the application of a load 
which will exceed the elastic limit of the material, or they may 
fail before the elastic limit is reached due to Insufficient 
flexural rigidity of • cross-sectional circular rlng. Failure 
occurring for the second reason Is often far below the elastlc 
limit. ~is flexural rigidity is insufficient becaUSe of two 
physical deformstions, (1) wall becomlng thinner In a particular 
section, (2) sllght elliptical shape instead of circular. The 
elllptlcal deformation is the more important of the two. For 
· . 
'. 
the case ot a circular ring collapsing becaus e r:f an elliptical 
formation the following equation ba. been derived by Timosbenko: 
Wberes 
qcr : cri tical pressure, lbs/uni t length 




mcxnent of inertia 
r - radius of gyration 
-
The theory of collapsing ot tubes follows from this 
equa tion, since a tub e may be considered as sub-divided into a 
number of rings. If from a tube a cross section of unit length 
is cut its moment of inertia iSI 
I = 
and E become. E , where ~ i. Poisson's Ratio. The above 
1-,;"1 
equation now becomest Pcr - Eh3 • This equatlOD holds 
- 4(1-)22)R3 
Where: b : wall thickness, incbes, Pcr : Critical, psi, 
R : radius of center line ot cylinder, incbe., 
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for tubes as long as tbe proportional It.it has not been reacbed. 
In the work berein reported the apecimena did not approach the 
proportional limit in teat results, indicating tbat the speci-
mens failed because ot elliptical deformation. A check was made 
~t wall thicknesses to determine wbether or not this factor could 
have contributed to their failure. Ho deviations of sufficient 
proportions were found. 
Beyond the elastic limit, or after the proportional 
limit bas been reached, the above e~uation gives values which 
t. 
are too high. The tollowing equation may be used to represent 
the critioal results: 
Where: 
67.P : 1ield point in cQmpression 
This disoussion Aas not inoluded the etfeot whioh an 
. end closure on a tube would have. It is known that the stresses 
in a short specimen are altered by the support attorded by the 
111 
end closures·. It is also !mo. that s'short specimen will collapse 
with a series ot waves along the oircumterenoe. The length usu-
.. 
ally taken as being a long speotaen tor these oonditions has an 
L/r • 20. The lengths used· ill these tests ga~e L/r values trOll 
21 to 12. However, none ot the·tailures oorresponded to the 
short speoimen type. Allot them tailed by a oollapse troa one 
~lde and there was no indioation. ot a series ot waves along the 
oiroumterenoe. Theretore. it 1s believed that no oorreotion 
tor this short speoimen factor is necessary. However, the end 
closures would have a tendency to increase the critioal pressures. 
EXPEiIMEN.lAL 
The specimens tor bursting were cut six feet long to 
minimize the influence of the end closures on the streng th of 
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the tube. The end closure~ were made in three parts. A tapered 
plug was driven into the end of the specimen to enlarge it. A 
block with a tapered center hole was fitted around the end of the 
specimen wi th the tapered plug in posi t1 on. In to the end of the 
block and facing the tapered plug a screw was placed to bear 
against the plug, thereby providing a tight fit. This arrange-
ment was sufficient to prevent the plug from sliding trom the 
tube under pressure, and the tapered grip was adequate to pre-
vent the block from sliding ott the specimen, and to prevent leak-
age. A positive displacement, radial piston pump delivering 3 
gal. of hydraulic tluid per minute was used to develop pressure. 
The fluid was passed into the tube through the . end closures. 1be 
bursting failure was Observed on a pressure gage. 
Eacb specimen tor collapsing tests was cut 30" long 
and the ends machined square in order that they,would fit tightly 
into aluminum blocks used as end closures. These end closures 
were blocks into vbich were machined grooves tor the various 
size specimens to fit. '~e two 88d, closures were joined by a 
tie rod passing axiall,. through the specimen. The specimen after 
being thus closed .as placed inside a steel tank, of welded con-
struction, with a top which was bolted onto a heavy flange. 
Tbe same pump used in the bursting tests was used to develop 
pressure within the tank and around the specimen. A pressure 
gage indicated when the specimen had collapsed. 
/ . 
COKCLUSION;.:> 
Bursting test results were consistent, with duplicate 
da ta on two ot the 1\ in. diameter specimens ,.nd on two ot th e 
5 in. diameter specimens. lbree three incb specimens gave re-
sults within 10%. ~e calculations shown in Table XVI give 
satisfactory results with agreement, between the Barlow and Lame 
tor.mulae. Accordingly, it is believed that these results indi-
ca te that the Barlow and Lame are reliable .t'ormulae for use in 
design of aluminum fluid flow system, for internal pressure. 
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1be experimental collapsing values of the unit pressure 
upon failure of the 3 inch tube _ere identical tor two tests 
and the uni t pressure failure ot the 5 inch tube were the 8ame 
tor two tea ts. Two of th e three tes t s on the 1\ inch tube gave 
the same unit pressure at failure and the third value was very 
close to these two. It was diffioult to locate any great amount 
ot reterence material on collapsing tests. T.1moshenkots fOnRula 
for critical unit pressure probably is a satisfactory rererence. 
'lbe experimental uni t pressure at failure were determined and 
these values were compared with the critical unit pressure as 
oomputed by T.1moshenko's formula. In the case of the 4ft tubes 
the experimental value was apprOXimately lO~ greater than the 
theoretical value and in the C8se of tbe 3 and 5 inoh tubes the 
experimental values were approximately 50% greater than the 
theoretical value. 1be data are shown in Table XVII. (There 
is no explanation ot the wide range of test results.) 
TABLE XVI - BURSTING TEJT DATA AND :(E~mLT~) 
Size Wall Internal Unit Stress in 
Material at 
Failure by 
aarlow Formula (psi) 





ness sure at 


















Barlow's Formula: p :: .!! 
1'2 
p - internal pressure (psi) 
t = wall thickness (inches) 
r 2 = external radius, inches 
s = unit stress, inside tiber (psi) 
2 2 Lame's tormula: Max S = P rs - %"1 
JVl2 - rJ:2 




internal fluid pressure (psi) 
~ - external l"adius (inches) 
1'1 
-
.internal radius (inches) 
Uni t S'tress 
In J4a ter1al at 
Failure by 











TABLE XVII - COLLAPSING TE.3T DATA AND RESULTS 
Wall Uni t Pre. sure 
Size 'lbickness at Failure 
In. (Incbes) (I'!si) 
:5 0.05 175 
:5 0.05 175 
4 0.125 800 
4 0.125 825 
4 0.125 825 
5 0.08 150 
5 0.08 150 
Timosbenko's Formula, eg. 187, p. 219 
strength of Materials, Part II 
p - Eb3 
cr - 4(1 .. ".2) R3 












: modulus of elasticity = 10,600,000 psi 
- Poisson's ratio - 0.33 
- -
: wall thiekness, incbes 
R = radius of center line of cylinder, inches 









)'WID FLOW CHARACTERISTICS OF A!m4INm4 
ALLOY PIPE 
THEO RET! CAL 
Power costs have always added consIderably to the cost 
ot the procea s of transpor ting fluIds. Considerable work has 
been dOne in attempting to reduce this cost through a study ot 
the tactors involved. The friction between the moving tluid and 
the channel wall has 'been the power consumption factor which has 
given the trouble. For the older or commonly used materials 
this problem has been solved in terms of a friction ractor. ~e 
use of aluminum in the field of fluid transportation brings with 
it the need tor determination :ot this triction factor for alumi-
nla tubing. 
The flow or fluIds througb tubing or pipes takes place 
in two different ways dependent upon the velocity of fluid the 
properties of the fluid and the dimensions ot the pipe. At 
ll? 
low velocities the flow occurs in a smooth even pattern, the tis, 
it occurs in layers as demonstrated by Reynolds.* There is 
little mixing of the liquid in the channel. 'lbe veloci ty approaches 
zero at the wall surface and increases in approximately a para-
boliC manner as the center of the channel is approacbed. This 
type of flow is seldom encountered in engineering practice and 
the project is not concerned with this flow. 
The second type of flow i8 that at relatively bigh ve-
locities where the tlow is turbulent and .000.what complete mix-
Ing of the tluid takes place. However, there is still a layer at 
the wall surtace Which approacbe. zero velocity. The speed at 
* Osborne Reynolds, 19th Century Physiciat. 
\ ~ 
which the velocl~ increases as the center of the channel is 
approached is much greater, than in laminar flow. 
Reynolds devised 8 dimensionless factor, whicb has 
come to be known as Reynolds Number, to distinguish between the 
two types of tlow. It m8Y be defined, 
Where, 
Re : DV e 
",.u 
D - diameter of pipe, ft. 
- DO 
- -p 
V : velocity of fluid, ft/sec. 
G = mass veloCity, Ib./(sq.ft. of pipe cross-section) 
(sec.) 
1'= den81~, lb./ftS. 
/<- = viscosity of fluid, lb./sec. ft. 
Wben the Reynolds Number is less than 2000 the flow 
of any fluid in any cbannel is or the slow or viscous type. In 
the range of 2000 to 2500 the flow may be either type and very 
little is known about this region. Above 2500 the flow 1s al-
ways turbulent and is the range usually encountered in engineer-
ing work. 
A term known as the Fanning friction factor m81 b. 
plotted versus the Reynolds lumber. It 1s used to determine the 
friction between the fluid and the channel wall, and may be 
evaluated from a loss of pressure in the channel, the dimensions 
of the channel, the velocity of flow and the properties of the 
fluid. In mathematical form the relationship becomes: 




Y = triotion head, tt. ot the tlowing tl~id 
t : Fanning triotion taotor 
L = length ot pipe, tt. 
D • diameter ot pipe, tt. 
V : velooity ot tluid, tt/seo. 
g • aooeleration ot gravity, 32.2 tt/seo2 • 
EXPERIMENTAL 
The hydra~lic test stand of the University ot Louis-
ville Clvil Engineering Department was ~sed tor this phase ot 
the work. The two seotions ot alum.1num pipe were used, 2 and 4 
inoh diameters, eaoh 20 tt. long. Manometer taps were plaoed 
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tive teet fra. the ~p stream end and one toot tram the down stream 
end. The t~bing was then plaoed in the stand and oonneoted. 
The stand was equipped with a oentritugal pump. to deliver a 
steady tlow ot water. The tests were started at the max~um 
pumping rate and decreased in subsequent runs. Weight rates 
and absolute preasures were reoorded stmultaneously. The flow ot 
water was reduced by an outlet valve atter eaoh series ot runs, 
to obtain pressure value at several tlow ratea. This prooedure 
was oontinued to a tlow rate at whioh the pump could not maintain 




The data shown in Table JVIII and Table XIX were oal-
culated using the formulas cited above tor Reynolds number and 
triction tactor: 
He - D G 
--fo 
t - D ., 
- ir It V2/2g 
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Then using oorresponding Reynolds nwnbers and friotion tactors 
these data were plotted on a reproductIon ot a portion at the 
Reynolds number-triotion ~aotor plot ~en trom Perry, Chemioal 
Engineers Handbook, Becond Edition., page 811 (10). On this plot 
the accepted ourves tor oammercial pipes and smooth tubes are 
shown. 
The data are very good, only three points talling out-
side the range between commercial pipes and smooth tubes. In 
general, the data tor the 2-inch pipe tend to approach the 
curve tor smooth tubes, whereas the data tor the 4-inoh pipe 
tend to approaoh the curve tor oommercial pipe. However, it is 
observed that substantially all the data tall wi thin the r'ange 
between oammeroial pipe ~nd smooth tubes indioating that the 
4-inoh pipe was slightly smoother than oommeroial pipe and the 
2-inoh pipe slightly rougher than "smooth" tubing. 
., 
TABLE XVIII - FLOW DATA FOR '!WO-IHea PIPE 
Run Discher,e FrIctIon v2/2g Re 
110. lb. H2O Head ft. Veloci ty Reynolds 
30 8ec. ot B20 Bead tt. B\lDlber 
or B20 
1 627.9 6.41 4.52 2.502X105 
2 630.4 6.41 4.56 2.513 
3 632.1 6.41 4.08 2.519 
4 600.8 5.78 4.14 2.394 
5 596.6 5.78 4.08 2.378 
6 591.9 5.78 4.02 2,359 
7 573.0 5.25 4.76 2.284 
8 574.3 5.25 3.93 2.289 
9 574.3 5.25 3.93 2.289 
10 545.6 4.73 ,3.41 2.174 
11 546.0 4.73 3.42 2.176 
12 546.0 4.73 3.43 2.179 
13 512.6 4.20 3.01 2.043 
14 512.1 4.20 3.01 2.041 
15 510.9 4.20 2.99 2.036 
16 467.6 3.68 2.51 1.863Xl05 
17 475.3 3.68 2.59 1.894 
18 473.6 3.68 2.57 1.887 
19 432.9 3.15 2.15 1.725 
20 434.6 3.15 2.17 1.732 
21 433.7 3.15 2.16 1.768 
22- 393.9 2.6..'l5 1.78 1.530 
23 390.0 2.63 1.74 1.554 
24 390.4 2.63 1.75 1.556 
25 345.4 2.10 1.37 1.377 
26 342.4 2.10 1.36 1.364 
27 340.3 2.-10 1.33 1.356 
28 287.1 1.58· 0.95 1.144 
29 227.7 1.68 0.59 0.901 
30 281.1 1.58 0."91 1.120 
Length or Teat .Sections 14.0 ft. 
Measured Diameter of Pipet 1.90 In., I. D. 





































TABLE XIX - FLOW DATA FOR A FOUR-IHCH PIPE 
Run DiSChar,e FrIctIon V2/2g Re F 
lfo. lb. B20 Head ft. Veloci ty Reynolds Fanning 
30 sec. ot H2O Head' tt. Humber Friction 
of H2O Factor 
1 713.0 0.256 0.337 1.39"XI05 0.00438 
2 708.5 0.224 0.333 1.385 0.00387 
3 717.5 0.287 0.342 1."03 0.00485 
4 707.0 0.292 0.332 1.382 0.00507 
5 695.0 0.268 0.320 1.359 0.00482 
6 687.5 0.260 0.313 1.344 0.00493 
7 685.0 0.253 0.311 1.339 0.00469 
8 687.0 0.268 0.313 1.343 0.00493 
9 686.0 0.253 0.312 1.341 0.00467 
10 614.0 0.224 0.250 1.200 0.00516 
11 615.0 0.224 0.251 1.202 0.00514 
12 567.5 0.189 0.214 1.109 0.00509 
13 570.0 0.189 0.215 1.114 0.00506 
14 529.0 0.116 0.186 1.034 0.,00514 
15 523.0 0.166 0.182 1.022 0.00525 
16 489.0 0.144 0.158 0.956 0.00525 
17 582.0 0.146 0.244 1.138 0.00345 
/ 
Length ot Test Section: 14.0 ft. 
Measured Diameter of Pipe, 3.875 In. I. D. 
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RECORDED EJ{PERIMENTAL DA"'TA 
COLUMN TESTING 
Spec. No. Oolumn Cross Seotion Load a t Failure 
Area - Square Inohes Ibs. 
I PS 1, 0.19 650 
I PS 2 600 
I PS 3 525 
I PI 1 0.19 400 
I PI 2 450 
I PSX 1 0.19 76O 
I PSX 2 750 
I PL 1 0.19 325 
I PL 2 300 
I PL 3 300 
3 PSX 1 0.241 4,600 
3 PBX 2 4,650 
3 PS 1 0.241 3,050 
3 PS 2 3,200 
3 PS 3 2,950 
3 PI 1 0.24 2,500 
3 PI a 2,550 
3 PI 3 2,600 
3 PL 1 0.241 2,300 
3 PL 2 2,450 
3 PL 3 1,950 
3 OI 1 0.241 2,650 
3 01 2 2,400 
3 01 3 2,600 
3 Fax 1 0.241 3,850 
3 Fax 2 4,050 
3 FSX 3 4,500 
4 PSX 1 0.562 10,450 
4 PSX 2 10,050 
4: PS 1 0.562 5,975 
4: PS 2 6SIO I . 
4: PS 3 5,9B5 
4: PI 1 0.562 5,500 
4 PI 2 0,50(: 
4 PI 3 5,5'15 
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RECORDED EXPERIME~~AL DATA 
COWMN TESTING 
(Oontinued,) 
Spec. No. Oolumn Oross Section Load at Failure 
Area - Square Inohes psi 
4 PL 1 0.562 4,950 
4 PL 2 5,000 
4 PL 3 4,975 
4 OSX 1 0.562 10,700 
4: ODX 2 10,600 
4: OSX 3 10,800 
4 Fb"X 1 0.5~2 10,900 
4 Fax: 2 11,200 
4 FSX 3 10,750'· 
.5 PSX 1 0.80 4,000 
5 PBX 2 3,200 
5 PSX 3 3,950 
6 PSX 1 1.195 5,700 
6 PBX 2 5,850 
6 FS 1 1.195 2,750 
6 PS 2 2,625 
6 PS 3 3,050 
6 PI 1 1.195 2,200 
6 PI 2 2,650 
6 PI 3 1,550 
6 PL 1 1.195 2,200 
6 PL 2 2,200 
6 PL 3 2,100 
8 PBX 1 1.102 25,100 
8 :i?SX 2 23.800 
a pax 3 24,300 
8 PS 1 1.102 11,900 
a FS 2 10,111 
8 PS 3 1?,O25 
e PI 1 1.102 9,825 
8 PI 2 10.3!)O 
e PI 3 'i ,.. "5 II ." 
e PL 1 1.102 8,250 
8 PL 2 7,950 
8 PL 3 8,625 
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RECORDED EXPERIMENTAL DATA 
CO LUMl'i TESTING 
(Oontinued) 
Speo. No. Column Cross Seotion Load at Failure 
Area - Square Inches psi 
e osx 1 1.102 20,500 
e OSX :... 20,200 
8 OSX 3 20,800 
a 01 1 1.102 8,375 
e 01 2 8,850 
8 01 3 9,400 
8 OL 1 1.102 7,500 
8 OL 2 7,400 
8 FSX 1 1.102 19,100 
8 FSl 2 19,400 
8 FSX 3 18,700 
7 FS 1 0.189 2,000 
7 FS 2 1,850 
7 F3 3 2,500 
9 PS 1 1.205 29,725 
9 PS 2 28,850 
9 PS 3 27,500 
9 PI 1 1.,205 25,550 
9 PI 2 25,850 
9 PI 3 26,975 
9 PL 1 1.205 20,650 
9 PL 2 20,075 
9 PL 3 19,000 
9 OSX 1 1.205 38,000 
9 08X 2 38,200 
9 OSX 3 37,900 
9 FSX 1 1.205 37,200 
9 FSX 2 36,150 
9 FSX 3 35,000 
9 FS 1 1.205 16,700 
9 1::3 2 16,300 
9 FS 3 16,300 
9 FI 1 1.205 12,600 
9 11 2 12,450 
9 FI 3 12,900 
'-~I 
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RECORDED EKPERlMENTAL DATA 
COLUMN TESTING 
. (Continued) 
Spec. No. Oolumn Oross Seotion Load at lral1ure 
Area - Square Inches psi 
9 11 1 1.205 10,400 
9 FI 2 10,650 
11 pax 1 1.542 40,200 
11 PSX 2 39,500 
11 PS 1 1.542 20,600 
11 Fa 2 22,450 
11 PS 3 21,'100 
11 PI 1 1'.542 19,425 
11 PI 2 19,6'15 
11 PI 3 18,500 
11 PL 1 1.542 14,100 
11 PL 2 16,350 
11 PL 3 14,300 
11 OSX 1 1.542 3'1,800 
110al: 2 38,000 
11 OSX 3 38,550 
11 FSX 1 1.542 35,660 
11 FSX 2 34,650 
12 Fa 1 3.820 135,800 
12 PS 2 104,000 
12 PI 1 3.820 80,000 
12 PI 2 76,500 
12 PI :3 73,000 
12 PL 1 3.820 &3,000 
12 PL .2 66,500 
12 PL 3 '11,500 
12 OS 1 3.820 120,000 
12 OS 2 130,000 
12 OI 1 3.620 64,000 
12 01 2 63.250 12 01 3 54,900 
\ I 
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WlCORDED B.XP.8RIMENTAL DATA 
COLUO TESTING 
( C ont lnued ) 
Speo. 10. Oolumn C~oss SectIon Load at Fal1ul"G 
Area • Squa~e Inche. psl 
12 FS 1 3.820 122,400 
·12 FS 2 124,500 
- 1214'S 3 131,800 
12 PI 1 3.820 48,400 
12 FI 2 47,000 
14 FS 1 1.190 17,600 
14 FS 2 17,600 
14 FS 3 17,700 
14 FI 1 1.190 14,700 
14 FI 2 15,750 
14 PI 3 15,450 
14 FL 1 1.19<'1 12,600 
14 FL 2 12.000 
." 
. . , 
RECORDED EXPERlMENTAL DATA 
Fluid Flow 2-Inch Pipe 
Run No. In. ot Kg. Tare Weight, Lbs. 
1 6.1 264.0 
2 6.1 244.0 
3 6.1 253.5 
4- 5.5 209.0 
5 5.5 253.0 
6 5.0 208.0 
7 5.0 254.0 
8 5.0 253.5 
9 4.5 201.5 
10 4.5 252.0 
11 4.5 :245.0 
12 4~0 210.0 
13 4.0 252.5 
14 4.0 253.5 
.15 3.5 204.0 
16 3.5 219.5 
17 3.5 231.0 
18 3.0 213.0 
19 3.0 241.0 
20 3.0 245.0 
21 2.5 244.0 
22 2.5 243.0 
23 2.5 261.5 
24 2.0 205.5 
25 2.0 236.0 
26 2.0 256.0 
27 1.5 230.0 
28 1.5 263.0 
29 1.5 251.0 
Length ot Test Sectlon:·14.0 ft. 
Measured Diameter ot PipeS 1.90 In. 
Water Temperature: 200 c. 
T1me ot Collection: 35 seconds • 
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RECORDED EXPERIMENTAL DA IiA 
Fluid ,li)low 4-Inch Fi2e 
Bun )foe In. ot Ce1" Tare Weigh t, Lbs. Total We1ght, Lbs. 
1 5.25 235.0 948 
2 4.60 252.0 943 
3 5.90 252.0 970 
4 6.00 230.0 937 
5 5.50 250.0 945 
6 5.50 254.0 941 
7 5.20 238.0 923 
8 5.50 216.0 903 
9 5.20 260.0 946 
10 4.60 251.0 865 
11 4.60 :229.0 846 
12 3.90 210.0 777 
13 3.90 242.0 812 
14 3.40 247.0 776 
15 3.40 263.0 786 
'16 3.00 238.0 727 
17 3.00 251.0 733 
Length ot Tes t: 14.0 ft. 
Measured Diameter ot Pipe: 3.875 in. 
Water Temperature: 200 C. 

















































Wall thickness - Outside Diam. 
0.065 inches x 1.00 in. 
0.065 in. x 1.00 in. 
0.061 in. x 1.3125 in. 
0.125 in. x 1.5625 in. 
0.194 in. x 1.500 in. 
0.254 in. x 1.75 in. 
0.064 in. x 1.00 in. 
0.238 in. x 1.718 in. 
0.238 in. x 1.625 in. 
0.25 in. x 3.50 In. 
0.3125 in. x 1.875 in. 
0.437 In. x 6.0 In. 
It In. x It in x 3/16 in. 
2i in. x 2i in. x tin. 
4 in. x 4 in. x 3/16 in. 
TIPE END CONDITION 
Both Ends Plnned 
" Fixed 









COLUMI TESTING NOMENCLATUP~ (Conttd) 
COLUMN LEBGTa 
Long Column (Critical Length - 10%) 
Cri tical Length 
~hort Column (Critical Length - 10%) 
Short Column (Critical Length - 50~) 
Typical Specimen designations 
4PL2: Sample i8 3S-H 14, 1/8" X 1-5/16" 
Botbends pinned 
Long Column 
Second specimen tested under 
designated conditions. 
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